Minerals of biological origin have shown significant potential for the separation of contaminants from water worldwide. This study details the contribution of biologically derived minerals to water treatment operations, with a focus on filtration media from urban municipalities and remote cold regions. The results support biofilm-embedded iron and manganese to be the building blocks of biogenic mineral development on activated carbon and nutrient-amended zeolites. The presence of similar iron and manganese oxidising bacterial species across all filter media supports the analogous morphologies of biogenic minerals between sites and suggests that biological water treatment processes may be feasible across a range of climates. This is the first time the stages of biogenic mineral formation have been aligned with comprehensive imaging of the biofilm community and bacterial identification; especially with respect to cold regions. Where biogenic mineral formation occurs on filter media, the potential exists for enhanced adsorption for a range of organic and inorganic contaminants and improved longevity of filter media beyond the adsorption or exchange capacities of the raw material.
INTRODUCTION
Globally, heavy metals and organic pollutants such as petroleum hydrocarbons remain problematic contaminants in water (Hennebel et al. ; Edwards & Kjellerup ) .
The presence of these constituents in drinking water, soils and groundwater presents a significant ecological and human health risk, and these compounds are actively managed through processing in water treatment plants (WTPs) and various remediation technologies. Biological treatment operations have become an integral part of the water treatment industry because of the economic advantages of this approach, in terms of both capital investment and operating costs, over other treatment methods such as chemical oxidation (Hennebel et al. ) . Where biological water treatment is employed, the formation of biogenic minerals offers a matrix for the sorption, or oxidation and reduction, of inorganic and organic compounds (Fortin & Langley ) .
Biogenic minerals are defined as minerals produced by organisms, where these mineralised products are composite materials comprising mineral and organic components (i.e. metabolites and exopolysaccharides) (Weiner & Dove ) . The immobilisation of organic and inorganic compounds in biogenic minerals can occur by precipitation and crystallisation or by sorption, uptake and intracellular sequestration (Gadd ) . Negative charges on the surfaces of most bacterial cells and extracellular polymeric substances (EPS) can facilitate the binding of cations through non-specific electrostatic interactions (Hennebel et al. ) . Microorganisms interact with minerals in order to create a more hospitable surrounding through utilisation of nutrients and sequestration of toxic substances (Gadd ) . Mineral oxides of biological origin have been reported to have a higher specific surface area than equivalent mineral products of synthetic origin, supporting higher sorption capacities for heavy metals such as lead, chromium and nickel (Frankel & Bazylinski ) .
The presence and formation of biogenic iron oxides (i.e. hematite), oxyhydroxides (i.e. goethite) and amorphous, poorly ordered phases (i.e. two-line ferrihydrite) have been well documented for water treatment applications (Fortin were less than 60 m 2 /g when examined for lead adsorption capacity. Manganese-oxidising bacteria can oxidise manganese and reduce its solubility, thereby providing a protective mechanism against toxic levels of soluble manganese.
In water treatment applications employing reactive materials, such as zeolites and biological activated carbon (hereafter abbreviated to BAC), the formation of biogenic iron and manganese oxides has been shown to occur (Kondratyeva & Golubeva ). These biogenic structures have also demonstrated the capacity for ongoing removal of inorganic and organic compounds from water following saturation, or exhaustion, of the reactive material (Thiel & Aldridge ; Thiel ). The dependence of manganese-oxidising activity on iron concentrations demonstrates the importance and interaction of iron and manganese in water treatment (Gheriany et al. ) . It is these properties and functions that have seen biogenic minerals receive increased attention in a variety of bioreactor configurations for municipal water treatment and bioremediation (Gadd ) .
The metabolic activity of microbial biofilms has been shown to increase significantly following adsorption onto zeolites and activated carbon (Herzberg et This study will examine the formation of iron and manganese biogenic minerals on granular water treatment media employed for the removal of aqueous pollutants.
The research encompasses findings from BAC filters at two drinking WTPs, specifically the Kyneton WTP and the Bendigo WTP in Central Victoria, south-eastern Australia.
The WTPs employ microfiltration and ozone-BAC filtration to minimise the concentrations of taste and odour compounds, such as 2-methylisoborneol and geosmin, in distributed water (Northcott et al. ) . Additionally highly soluble manganese in the raw water of many storage reservoirs can pass through treatment processes into the supply system and thus microbial oxidation of manganese on filter media is paramount to downstream water quality (Thiel & Aldridge ) .
Recent results have shown that the performance of BAC filters for organics reduction decreases at lower water temperatures (Warren & Thiel ) , with similar studies revealing lower adsorption kinetics on activated carbon at 
MATERIALS AND METHODS

Material collection
The BAC media employed at the Kyneton WTP and the Bendigo WTP is a mixture of thermally activated sub-bituminous coal (GS1300) and anthracite (GA1000N) ( 
Species separation and identification
Samples of 0.1 g of media at field moisture were placed in 1 ml of a 1 M phosphate buffer solution. The samples were gently sonicated (Soniclean 120HT) for 10 minutes and vortexed for a further 2 minutes to release bacterial cells into solution.
FESEM confirmed high cell detachment following sonication and vortexing. A 700 μl sub-sample was placed onto a density gradient medium (Histodenz TM , Sigma-Aldrich) and centrifuged at 13,000 × g for 5 minutes to remove particulates. The supernatant was then removed and a sub-sample (20 μl) was applied to both Tryptone Soy Agar plates and R2A Agar plates using the streak plate method. Inverted plate cultures were incubated for 48 hours at 23 W C prior to analysis.
The identification of bacteria on the water treatment media was conducted using matrix assisted laser desorption ionisation-time of flight (MALDI-TOF) mass spectrometry (Microflex LT, Bruker Daltonics Inc.). Bacterial strains isolated on Tryptone Soy Agar plates and R2A Agar plates 
RESULTS
Microbial community structure (Table 2) . At lower depths within the BAC filters, the diversity of species present was reduced (Table 2 ) and the biofilm coverage was in some cases reduced (Figure 1(f) ). The distinctive sheath structures associated with Leptothrix sp. and filamentous budding Pedomicrobium sp. were more prevalent at lower depths within the BAC filters.
Reactive materials from a PRB at Old Casey Station
show predominantly rod-shaped bacteria with less structural diversity, as is commonly observed from the selective growth of species with hydrocarbon degrading capabilities ( Figure 3 ). Petroleum hydrocarbon concentrations (C 9 -C 18 ) were reported between 1,200 mg/kg and 2,000 mg/kg on the PRB media. Filamentous budding Pedomicrobium spp. were also observed; however, low manganese concentrations in Old Casey Station Soil (<0.1 mg/kg soil) may have limited their abundance. Rodshaped bacteria were observed in smooth, broad mats across the surface of the media with bacteria shown to be covered by a thin EPS layer (Figure 3(d) ). This EPS layer contains small pores (∼10-50 nm), which likely facilitate the transport of hydrocarbons through the biofilm. The visual dissimilarity between the biofilm observed on the BAC (Figure 3 In comparison with the BAC from the Bendigo WTP and the Kyneton WTP, the biofilm thickness was also shown to be narrower on ammonium exchanged zeolite than on the BAC media (Figures 3(d) and 4(a) ). This has important implications for the mass transport of substrate through the biofilm from the bulk flow, influencing adsorption, ion exchange and bioregeneration phenomena. Pore colonisation of BAC media was also observed across all water treatment applications (Figure 4) . In contrast to surface imaging, a large number of twisted stalk structures, associated with Gallionella sp., were observed within the pores of surface BAC at the Bendigo WTP and on Antarctic PRB media (Figure 4(b) and 4(d) ). The colonisation of BAC Given that SAB concentrations on Antarctic PRB media remain above 1,200 mg/kg, however, further analysis is required to better understand and confirm the potential for bioregeneration of BAC in cold environments.
Biogenic mineral formation
Porous, spherical minerals of biogenic origin were observed on all activated carbon and zeolite water treatment media across remote and municipal filtration applications ( Figure 5) . The role of different bacteria and the sequential steps in the deposition processes for these biogenic minerals are also shown in Figure 5 . The formation of clustered filaments, present in Figure 5(a) , is likely the response of bacterial cells extruding polymer strands that induce localised precipitation reactions. It may be that the purpose of such polymer production is to localise mineral precipitation in order to enhance metabolic energy generation through oxidation-reduction processes (Chan et al. ).
The precipitates initially form sheets less than <5 μm 2 in size that then form into porous rosette sheeted spheres with hexagonal symmetry, comprising organic and inorganic constituents ( Figure 5(a) ). The filaments of Pedomicrobium sp.
contribute further extracellular material resulting in the formation of spheres as large as 100 μm in diameter on BAC media and up to 50 μm in diameter on zeolite media. suggests that the morphology of biogenic mineral deposits is largely consistent across rod-shaped bacterial communities and filamentous bacterial communities, and between zeolites and activated carbon ( Figure 5 ). While the biogenic minerals can cover the surface, they were not observed to grow specifically within the pore structure of municipal or remote region BAC media (Figure 4) .
The elemental composition of these biogenic deposits is presented in Figure 6 , consistent with the high level of bioavailable manganese observed for these samples (Figure 2) .
Manganese was shown to be the primary constituent present in BAC 6 at the Bendigo WTP ( Figure 6(a) ). Similarly, the analysis of biofilm on samples by EDS from the Kyneton WTP indicated sequestered manganese, although at a lower concentration, with aluminium and magnesium also present.
Iron and phosphate were not detected using EDS analysis despite the presence of bioavailable iron (Figure 2) Figure 7(b) ). The similarity in manganese concentrations between the control and PRB samples (Table 3) is reflected in the absence of manganese by EDS analysis (Figure 7(b) ).
These data show that iron biogenic minerals offer the potential for the removal of a wide range of aqueous pollutants at sites contaminated with metals and hydrocarbons. The potential for iron biogenic mineral formation also has important implications for the application and performance It is important to highlight that while the microbial community is similar between municipal and remote water treatment media, the biodegradation pathways for SAB diesel in the Antarctic and dissolved organic carbon at the as observed in this study (e.g. Figure 5 ).
XRD and Raman spectra of biogenic minerals
The XRD pattern of the BAC media obtained from a depth of 1 m at the Kyneton WTP shows a narrow diffraction peak at 36.4 W 2Ɵ, corresponding to the formation of the manganese oxide birnessite (Figure 8(a) the spectra otherwise align closely with those from the Kyneton WTP (Figure 8(a) ).
Peaks in the XRD profile of samples of ammonium exchanged zeolite contacted with Old Casey Station soil occurred at 42.1 W 2Ɵ, which may be attributed to the presence of hematite (Figure 8(b) Raman spectroscopy revealed the presence of two sharp peaks at 1,600 cm À1 and 1,350 cm À1 on raw GA1000N activated carbon, associated with crystalline graphite (Figure 8(c) ). The peaks in the range 500 to 510 cm À1 in both media contacted with water can be assigned to birnessite mineral material, while peaks in the range of 600 to 800 cm À1 have previously been reported to correspond to The presence of other elements adsorbed to manganese oxide deposits may explain the variability in peak position and intensity between BAC media from the Kyneton WTP and the Bendigo WTP below 1,000 cm À1 in the Raman spectra. The bands at 1,060 cm À1 , 1,160 cm À1 and 1,560 cm À1 in both the Bendigo WTP and the Kyneton WTP samples can be assigned to carotenoids present in the bacterial cells (Ciobotăet al. ). These peaks assigned to carotenoids 
DISCUSSION
The prevalence of biogenic minerals on activated carbon and zeolite media observed here, and the confirmation of their chemical structure, suggests that these formations The hexagonal symmetry of biogenic minerals supports the EDS, XRD and Raman spectra of 
